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Objective: Lower limb arteries are exposed to higher hemodynamic burden in erectile posture. This study
evaluated the effects of body posture on popliteal, carotid and brachial circumferential wall tension
(CWT) and investigated the relationship between local CWT and atherosclerotic plaques in subjects with
cardiovascular risk factors.
Methods: Two hundred and three subjects (118 women and 85 men) with cardiovascular risk factors
(smoking, hypertension or diabetes mellitus) underwent clinical and laboratory analysis and had their
blood pressure measured in the arm and calf in supine and orthostatic positions. Arteries were evaluated
by ultrasound analysis, while CWT was calculated according to Laplace’s law.
Results: Among the enrolled participants, 47%, 29% and none presented popliteal, carotid and brachial
plaques, respectively. Carotid CWT measurements were not associated with local plaques after adjust-
ment for potential confounders. Conversely, general linear model and logistic regression analyses
adjusted for potential confounders demonstrated that peak orthostatic CWT was the only local hemo-
dynamic parameter showing signiﬁcant relationship with popliteal plaques in the whole sample. In
gender-speciﬁc analyses, although positively correlated with popliteal plaques in both genders, local
peak orthostatic CWT exhibited an independent association with popliteal plaques after adjustment for
potential confounders only in women.
Conclusion: Popliteal CWT measured in orthostatic posture, rather than in supine position, is associated
with popliteal atherosclerotic plaques, particularly in women. These ﬁndings suggest that erectile
posture might play a role in the atherogenesis of leg arteries by modifying local hemodynamic forces and
that there may be gender differences in this regard.
 2012 Elsevier Ireland Ltd. Open access under the Elsevier OA license.1. Introduction
Atherosclerosis is a systemic and inﬂammatory disease, caused
or favored by systemic risk factors, that localizes in particular
regions of the arterial tree, through interaction with local predis-
posing factors [1,2]. Among the local factors, hemodynamic forces
generated by blood pressure are of greatest importance, given their
ability to stimulate inﬂammatory response and remodeling of
vascular cells [1,3,4]. Circumferential wall tension (CWT) is
a hemodynamic force that leads to an extensional (dilating) effect
on the vessel and has been directly related to atherosclerotic
burden in human beings [5e7], supporting the notion that.
).
der the Elsevier OA license.evaluation of this hemodynamic parameter might be useful to
predict local development of atherosclerosis.
Peripheral artery disease is a manifestation of atherosclerosis
and shares similar systemic risk factors with stroke and coronary
heart disease [8]. Nevertheless, it typically occurs in arteries of the
lower limbs [9], indicating that local stimuli play a major role in this
process. Leg arteries are known to be exposed to greater hemody-
namic stress than arm arteries, particularly in orthostatic posture
[10,11], which might provide a potential explanation whereby
atherosclerosis preferentially develops in these vessels. In agree-
ment with this assumption, recent data from our group demon-
strated that orthostatic CWT was a stronger hemodynamic
predictor of popliteal intima-media thickness (IMT) than supine
CWT in normotensive subjects without cardiovascular risk factors
[11]. Nevertheless evaluation of IMT is an approach unable to
discriminate between artery wall thickening caused by tunica
T. Gemignani et al. / Atherosclerosis 224 (2012) 118e122 119media hypertrophy and that caused by a properly deﬁned athero-
sclerotic process [12]. Atherosclerotic plaques are instead recog-
nized to be a manifestation of atherosclerotic disease [13].
Therefore, the present study evaluated the inﬂuence of supine and
orthostatic position on CWT measurements of popliteal, carotid
and brachial arteries and determined whether these hemodynamic
parameters were related to respective atherosclerotic plaques in




Two hundred and three subjects (118 women and 85 men)
followed in outpatient clinics of a university hospital were included
in the study from September 2008 to January 2011. Inclusion
criteria were the presence of at least one of the following risk
factors for peripheral artery disease: 1) current smoking; 2)
hypertension (blood pressure  140/90 mmHg or use of antihy-
pertensive medications) or 3) diabetes mellitus (fasting blood
glucose  126 mg/dL or use of hypoglycemic medications). Exclu-
sion criteria were age under 18 years, previous stroke and supine
calf/brachial systolic blood pressure ratio <0.90 or >1.20 [14].
The study was approved by the Ethics Committee of the State
University of Campinas and written consent was obtained from all
participants.
2.2. Clinical data
Height and weight were measured by routine methods. Body
mass index was calculated as body weight divided by height
squared (kg/m2). Fasting blood total cholesterol, low-density-lipo-
protein-cholesterol, high-density-lipoprotein-cholesterol, triglyc-
erides and glucose were measured using standard laboratory
techniques [15]. Women with reported amenorrhea for more
than 12 months, except for pregnancy, were identiﬁed as
postmenopausal.
2.3. Blood pressure measurements
Blood pressure was measured by the same physician using
validated digital oscillometric devices (HEM-705CP; Omron
Healthcare, Kyoto, Japan) with appropriate cuff sizes [11]. Two
readings were averaged and if they differed by more than 5 mmHg,
one additional measurement was performed and then averaged.
Initially, blood pressure was concomitantly measured in the right
arm with one device and in the right calf with another device with
the subject lying in supine position for 10 min. Then blood pressure
was concomitantly measured in the same limbs after the patient
remained in upright position for 10 min. In order to abolish the
inﬂuence of muscle contraction on calf blood pressure measured in
orthostatic position, the subject was asked to support the body
weight on the contralateral leg during blood pressure measure-
ment. Mean blood pressure was obtained as (systolic blood
pressure þ 2  diastolic blood pressure)/3.
2.4. Vascular analysis
Carotid and popliteal arteries were evaluated by the same
physician with a Vivid 3 Pro apparatus (General Electric, Milwau-
kee, WI) equipped with a 10-MHz linear-array transducer as
previously described [11,16]. The exams were performed with the
subjects in supine and orthostatic position after blood pressure
measurement. Measurements of IMT were done at the followinglevels: 1) right common carotid artery: 2 cm proximal to the carotid
bifurcation, 2) right brachial artery: 2 cm above the elbow, and 3)
right popliteal artery: 1 cm distal to the emergence of the genicu-
late artery. All IMT measurements were made using an automatic
border recognizer (Vivid 3 Pro IMT software analyzer) on still
images obtained during the sonographic scanning and were
never taken at the level of a discrete plaque. End-diastolic and
peak-systolic internal diameters were obtained by continuous
tracing of the intimaleluminal interface of the near and far walls of
the studied arteries in 3 cycles and averaged. Atherosclerotic pla-
ques were deﬁned as the presence of wall thickening 1.5 mm
[17,18].
Peak and mean CWT were calculated according to Laplace’s law
(3, 4): peak CWT (dyne/cm) ¼ systolic blood pressure  peak-
systolic internal diameter/2; mean CWT (dyne/cm) ¼ mean blood
pressure  end-diastolic internal diameter/2. Brachial blood pres-
sure was used to calculate brachial and carotid CWTwhile popliteal
blood pressure was used to calculate popliteal CWT.
To test the reproducibility of measurements, they were repeated
weekly for 2 weeks in 20 subjects. The variation coefﬁcients aver-
aged 2% and 3% for peak-systolic internal diameter and end-
diastolic internal diameter; 5% for systolic blood pressure and 5%
for diastolic blood pressure; 4% for peak CWT and 3% for mean
CWT; 4% for carotid IMT, 3% for popliteal IMT and 3% for brachial
IMT; 1% for carotid atherosclerotic plaques and 2% for popliteal
atherosclerotic plaques.
2.5. Statistical analysis
Continuous parametric and non-parametric variables are pre-
sented as mean  standard error and median (25e75th percentile),
respectively. The KolmogoroveSmirnov test was used to test for
normal distribution of the variables. Differences in continuous
parametric variables were evaluated by unpaired t-test and one-
way ANOVA followed by the Tukey test for pairwise comparisons.
Differences between continuous non-parametric variables were
evaluated by ManneWhitney test. c2 was used to compare cate-
gorical variables. Bivariate correlation analysis between athero-
sclerotic plaques and local CWT measurements were carried out
using the Spearman’s method. General linear models were used to
evaluate the relationship between carotid/popliteal plaques and
local CWTand blood pressure measurements adjusted for potential
confounding factors. Logistic regression analysis was used to eval-
uate the independent predictors of popliteal plaques. The median
was used as the cut-off point of continuous independent variables
included in logistic regression models. A p-value of less than 0.05
was considered signiﬁcant.
3. Results
Table 1 summarizes the clinical features of studied subjects in
the whole sample and according to gender. No differences in the
clinical features were detected between the genders. Vascular and
hemodynamic characteristics in the whole sample and according to
gender are shown in Table 2 and Supplementary Table 1, respec-
tively. Popliteal arteries displayed higher IMT and prevalence of
atherosclerotic plaques, but lower luminal diameter compared to
carotid arteries. Brachial arteries presented no plaques and
exhibited lower IMT and luminal diameter than the other studied
arteries. Changing from supine to standing was associated with
increased peak CWT in carotid and popliteal arteries and with
higher mean CWT only in popliteal vessels (Table 2). In addition,
similar vascular and hemodynamic features were observed in both
genders, except for higher carotid, popliteal and brachial diameters
and CWT measurements in men (Supplementary Table 1).
Table 1





Men (n ¼ 85)
Age, years 51.4  0.7 50.7  0.9 52.5  1.0
Body mass index, kg/m2 26.4  0.3 26.2  0.4 26.7  0.5
Low-density-lipoprotein-
cholesterol, mg/dL
121.8  2.4 120.7  3.0 123.3  3.7
High-density-lipoprotein-
cholesterol, mg/dL
43.3  0.6 43.0  0.7 43.7  0.9
Triglycerides, mg/dL 135 (68) 136 (68) 131 (78)
Glucose, mg/dL 99.6  2.1 98.2  2.7 101.7  3.4
Current smoking, n (%) 175 (86) 102 (86) 73 (86)
Hypertension, n (%) 81 (40) 45 (38) 36 (42)
Diabetes mellitus, n (%) 41 (20) 22 (19) 19 (22)
Menopause, n (%) 88 (43) 88 (75) e
ACEI or ARB, n (%) 61 (30) 32 (26) 29 (34)
Diuretics, n (%) 16 (8) 10 (9) 6 (7)
Beta-blockers, n (%) 10 (5) 5 (4) 5 (6)
Calcium-channel blockers, n (%) 6 (3) 3 (3) 3 (4)
Statins, n (%) 41 (20) 26 (21) 15 (18)
ACEI or ARB - angiotensin-converting-enzyme inhibitors or angiotensin receptor
blockers.
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enrolled participants according to the presence or not of popliteal
and carotid plaques in order to identify potential confounding
factors (Supplementary Tables 2 and 3). Considering the whole
sample, subjects with popliteal plaques exhibited higher local IMT,
age, low-density-lipoprotein-cholesterol, prevalence of hyperten-
sion and use of angiotensin-converting-enzyme inhibitors or
angiotensin receptor blockers than subjects without plaques.
Womenwith popliteal plaques presented higher local IMT, age and
prevalence of hypertension while men with popliteal plaques
exhibited higher local IMT, age, low-density-lipoprotein-choles-
terol, glycemia, prevalence of diabetes mellitus and use of statins
than thosewithout plaques (Supplementary Table 2). Regarding the
whole sample, subjects with carotid plaques exhibited higher age,
local IMT, low-density-lipoprotein-cholesterol, glycemia, triglycer-
ides, prevalence of diabetes mellitus and hypertension and use of
angiotensin-converting-enzyme inhibitors or angiotensin receptor
blockers and statins than individuals without plaques.Womenwith
carotid plaques exhibited higher age, local IMT, prevalence of
menopause and hypertension and use of angiotensin-converting-
enzyme inhibitors or angiotensin receptor blockers, while men
with carotid plaques presented higher local IMT, age, low-density-
lipoprotein-cholesterol, triglycerides, glycemia, prevalence of dia-
betes mellitus and hypertension and use of statins than those
without plaques (Supplementary Table 3).
Bivariate correlation and general linear model analyses eval-
uated the relationship between atherosclerotic plaques and localTable 2
Vascular and hemodynamic features of studied subjects in the whole sample.
Variable Carotid
Supine Orthostatic
Intima-media thickness, mm 0.80  0.01*y e
Systolic internal diameter, mm 6.69  0.04*y 6.88  0.05*y
Diastolic internal diameter, mm 6.43  0.04*y 6.63  0.05*y
Atherosclerotic plaque, n (%) 59 (29) * e
Systolic blood pressure, mmHg 130.0  0.9 134.2  0.9*z
Diastolic blood pressure, mmHg 84.1  0.6 83.9  0.6*
Pulse pressure, mmHg 45.9  0.4 50.4  0.4*z
Peak CWT, 104 dyn/cm 5.81  0.06*y 6.18  0.06*yz
Mean CWT, 104 dyn/cm 4.27  0.05*y 4.46  0.05y
CWTe Circumferential wall tension. *p at least<0.01 in comparison to respective poplitea
zp at least <0.05 in comparison to respective supine measurement.CWT measurements. Popliteal plaques signiﬁcantly correlated
with all CWT measurements in the whole sample and in both
genders, particularly with peak orthostatic CWT (Table 3).
General linear model analysis adjusted for potential confounders
revealed that in the whole sample and in women popliteal pla-
ques were associated with all local CWT measurements, but most
notably with peak orthostatic CWT (p ¼ 0.004 in the whole
sample and p < 0.001 in women). Conversely, no CWT
measurement showed signiﬁcant association with popliteal pla-
ques after adjustment for potential confounding factors in men
(Table 3). Carotid plaques signiﬁcantly correlated with all CWT
measurements in the whole sample and in both genders, but
after adjustment for the potential confounders presented in
Supplementary Table 3, no signiﬁcant relationship between
carotid plaques and local CWT measurements was detected
neither in the whole sample nor in the genders. In addition,
general linear model analyses showed no signiﬁcant relationship
between carotid/popliteal plaques and local blood pressure
measurements.
Logistic regression analysis was then performed to evaluate
which CWT measurements and clinical variables were indepen-
dently related to popliteal plaques. Peak orthostatic CWT was the
only hemodynamic variable that presented a signiﬁcant association
with popliteal plaques in thewhole sample and inwomen (Table 4),
while no CWT measurement was signiﬁcantly associated with
popliteal plaques in men (data not shown).
4. Discussion
Hemodynamic forces acting on the arterial wall participate in
atherosclerosis as local factors [1,3]. Lower limb arteries are
exposed to higher hemodynamic burden in erectile posture [10,11],
which might contribute to explain the preferential development of
peripheral artery disease in these vessels. In the present report, we
evaluated the effects of body posture on popliteal, carotid and
brachial CWT and investigated the relationship between local CWT
and atherosclerotic plaques in subjects with cardiovascular risk
factors. Noticeably, we found that: 1) popliteal arteries were sub-
jected to the highest local CWT levels among the studied vascular
territories, which were detected in orthostatic posture; 2) popliteal
arteries exhibited higher prevalence of atherosclerotic plaques in
comparison to carotid arteries, while brachial arteries showed no
atherosclerotic plaques; 3) orthostatic CWT, rather than supine
CWT, was the only hemodynamic variable independently associ-
ated with the presence of popliteal plaques, particularly in women.
Taken together, these ﬁndings suggest that erectile posture might
play a role in the atherogenesis of leg arteries by modifying local
hemodynamic forces and that there may be gender differences in
this regard.Popliteal Brachial
Supine Orthostatic Supine Orthostatic
0.91  0.01y e 0.40  0.01 e
5.54  0.04y 5.33  0.05y 3.85  0.04 3.86  0.04
5.30  0.04y 5.11  0.05y 3.66  0.04 3.67  0.04
95 (47) e 0 (0) e
131.4  0.9 194.4  0.9yz 130.0  0.9 134.2  0.9z
84.0  0.6 99.3  0.7yz 84.1  0.6 83.9  0.6
47.1  0.4 95.2  0.6yz 45.9  0.4 50.4  0.4z
4.86  0.05y 6.92  0.06yz 3.33  0.04 3.43  0.05
3.53  0.04y 4.44  0.04yz 2.42  0.03 2.44  0.03
l measurement; yp at least<0.01 in comparison to respective brachial measurement;
Table 3
Relationship between popliteal plaques and local circumferential wall tension measurements evaluated by bivariate correlation and general linear model analyses.
Variables Whole sample Women Men
Bivariate correlation GLM Bivariate correlation GLM Bivariate correlation GLM
r p p* r p py r p pz
Peak supine CWT 0.36 <0.001 0.017 0.37 <0.001 0.013 0.32 0.003 0.613
Mean supine CWT 0.36 <0.001 0.012 0.38 <0.001 0.006 0.31 0.004 0.572
Peak orthostatic CWT 0.41 <0.001 0.004 0.45 <0.001 <0.001 0.36 <0.001 0.335
Mean orthostatic CWT 0.36 <0.001 0.018 0.37 <0.001 0.008 0.31 0.004 0.513
CWTe Circumferential wall tension; GLMe general linear model. *Adjusted for age, low-density-lipoprotein-cholesterol, hypertension, popliteal intima-media thickness and
use of angiotensin-converting-enzyme inhibitors or angiotensin receptor blockers. yAdjusted for age, hypertension and popliteal intima-media thickness. zAdjusted for age,
diabetes mellitus, glycemia, low-density-lipoprotein-cholesterol, popliteal intima-media thickness and use of statins.
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was a stronger predictor of popliteal IMT than supine CWT in
normotensive subjects without cardiovascular risk factors [11].
Those results raised the assumption that erectile posture might be
a potential risk factor for popliteal atherosclerosis by increasing
local hemodynamic burden. Nevertheless that report exhibited
some limitations that are worth mentioning. First, vascular
remodeling was assessed by measuring IMT. Although considered
a measure of diffuse or early atherosclerosis [19], IMT may also
increase as a consequence of medial hypertrophy related to
hypertension, but not to atherosclerosis [12]. Given that popliteal
arteries are muscular arteries, therefore with prominent medial
layer, and are usually subjected to higher local blood pressure,
particularly in standing position [10,11], it is possible that IMT
might not be a suitable surrogate of atherosclerosis in this vessel.
Second, a sample with very low cardiovascular risk was included,
which could not be adequate to evaluate the predictors of periph-
eral artery disease. In order to overcome these limitations, the
present study was designed to assess the presence of focal plaques,
which are considered a manifestation of atherosclerosis [13], and
enrolled a sample with risk factors for peripheral artery disease. In
this regard, results from general linear model analysis adjusted for
potential confounders revealed that peak orthostatic CWT was the
variable exhibiting the most signiﬁcant relationship with popliteal
plaques among all orthostatic and supine CWT measurements. In
addition logistic regression analysis including peak orthostatic and
mean supine CWT as independent variables revealed that only
orthostatic CWT was independently associated with popliteal pla-
ques. To our knowledge, the present results provide the ﬁrst
evidence conﬁrming a link between leg hemodynamic alterations
consequent to body posture changes and the presence of focalTable 4
Logistic regression analysis for popliteal plaques.
Variables Exp(B) (IC 95%) p
Whole sample
Peak orthostatic CWT > 7.03 * 104 dyn/cm 5.01 (2.07e12.42) <0.001
Popliteal intima-media thickness > 0.93 mm 3.50 (1.60e7.67) 0.002
Age > 53 years 2.10 (1.07e4.12) 0.031
Mean supine CWT > 3.58 * 104 dyn/cm 0.39 (0.14e1.09) 0.063
Hypertension 1.57 (0.48e5.18) 0.459
ACEI or ARB 0.70 (0.22e2.30) 0.559
Low-density-lipoprotein-
cholesterol > 110 mg/dL
0.93 (0.39e2.18) 0.858
Women
Peak orthostatic CWT > 6.79 * 104 dyn/cm 5.77 (1.56e21.30) 0.009
Age > 52 years 2.54 (1.05e6.13) 0.038
Hypertension 1.58 (0.65e3.87) 0.315
Popliteal intima-media thickness > 0.90 mm 0.74 (0.29e1.94) 0.543
Mean supine CWT > 3.50 * 104 dyn/cm 0.73 (0.19e2.90) 0.659
CWT e Circumferential wall tension; ACEI or ARB - angiotensin-converting-enzyme
inhibitors or angiotensin receptor blockers.plaques, which are unequivocal markers of atherosclerosis, and
therefore, of peripheral artery disease.
Although bivariate correlation analysis showed a direct rela-
tionship between popliteal plaques and local CWT measurements
in men and in women, results of general linear model and logistic
regression analysis adjusted for potential confounding factors dis-
closed signiﬁcant associations between popliteal plaques and local
CWT only in women. These ﬁndings suggest that popliteal arteries
of women might be more susceptible to atherogenesis related to
hemodynamic load. The reasons for such gender differences are not
apparent, but may include variation in sexual hormone proﬁle.
Given that the majority of enrolled women were postmenopausal,
it is possible that the lack of endogenous estrogen favored the
association between popliteal plaques and local CWT in this gender.
However, our results showing no differences in the prevalence of
menopause between women with and without popliteal plaques
seem to weaken this assumption. Therefore further studies are
necessary to unveil the precise mechanisms by which gender
inﬂuences the relationship between hemodynamic forces and
atherosclerosis in popliteal arteries.
Some aspects of the present report deserve further comments.
First, we detected a higher prevalence of atherosclerotic plaques in
popliteal arteries than in carotid ones. These results agree with data
from other groups showing higher atherosclerotic burden in lower
limb arteries than in carotid arteries [20,21], and could be explained
by the increased hemodynamic stress imposed to popliteal arteries,
particularly in orthostatic posture. Second, no plaques were
detected in brachial arteries, a ﬁnding that was previously reported
either in subjects with or without cardiovascular risk factors [22],
thus strengthening the notion that the brachial artery does not
seem a good model to study atherosclerosis by ultrasound
measurements. Third, only individuals with supine leg/brachial
systolic blood pressure ratio >0.9 and <1.2 were enrolled in our
protocol. Subjects with a ratio <0.9 are considered to present
peripheral artery occlusive disease [23,24], while values >1.2 can
be falsely elevated because of heavily calciﬁed or non-compressible
arteries [14,25]. Given that these vascular abnormalities could
artiﬁcially alter popliteal blood pressure measurements, and
therefore CWT values, we preferred not to include subjects with
ratios <0.9 and >1.2 in our study.
Previous studies demonstrated that local CWT was associated
with subclinical atherosclerosis in common carotid arteries. For
instance, CWTwas independently related to carotid IMT in subjects
with and without cardiovascular risk factors [5,6,11]. In addition
local CWT was reported to be an independent predictor of carotid
atherosclerotic plaque burden in hypertensive subjects [7].
However, our results revealed that after adjustment for potential
confounding factors, carotid plaques were not independently
related to any CWT measurement. The reasons for these discrep-
ancies are not clear, but it is possible that clinical differences among
the samples played a role in this regard. In addition, it was
T. Gemignani et al. / Atherosclerosis 224 (2012) 118e122122noteworthy that blood pressure values used to calculate CWT in
carotid arteries were recorded at the brachial artery. Although this
procedure has been extensively used in studies evaluating carotid
hemodynamics [5,6,26], it may overestimate carotid peak CWT,
especially in those of younger age with tall stature [27], which
might have inﬂuenced our results.
Somepotential limitationsof this studyshouldbe acknowledged.
First, the cross-sectional designmay limit our ability to infer a causal
relationship between popliteal plaques and local orthostatic CWT.
Second, part of enrolled subjects was using antihypertensive
medicationsor statins,which couldbepotential confounding factors
in our analyses.However, as aneffort toovercome this limitation,we
included all medications that presented signiﬁcant bivariate corre-
lation coefﬁcientswith popliteal plaques in our general linearmodel
and logistic regression analyses. Third, we did not measure C-reac-
tive protein and other acute-phase reactants in our sample, which
could be also potential confounding factors, given the inﬂammatory
nature of atherosclerosis [2].
In conclusion, the present report showed that popliteal CWT
measured in orthostatic posture, rather than in supine position,
was independently associated with local atherosclerotic plaques,
particularly in women. This ﬁnding suggests that erectile posture
might play a role in the atherogenesis of leg arteries by modifying
local hemodynamic forces. Further studies are necessary to eval-
uate whether orthostatic body posture may be risk factor for the
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